The ability of various nonionic detergents to solubilize D-alanine carboxypeptidase and other membrane-bound enzymes was correlated to a physical property (Fig. 1) . The HLB (or hydrophobic lipophilic balance) number (4) is a measure of the relative hydrophobicity of the detergent, the most hydrophobic having an HLB number approaching 0, and the most hydrophilic having a number of about 20. In general only those detergents with HLB numbers between 12.4 and 13.5 were
Among the most useful methods of solubilizing membrane enzymes is the use of nonionic detergents (1) . Presumably the need for a detergent to solubilize a membrane protein is related to the protein's affinity for the lipoidal membrane phase. However, little is known about the mode of action of detergents in solubilizing proteins from membranes, nor is there any systematic approach for the selection and utilization of detergents. The present study of D-alanine carboxypeptidase from Bacillus subtilis (2) considers the relationship among the detergent, protein, and lipids.
MATERIALS AND METHODS
D-Alanine carboxypeptidase was assayed as described (2) . Detergents were the gift of Imperial Chemical Industries, America (formerly Atlas Chemical Co.) or Rohm-Haas, Inc. HLB numbers (HLB, hydrophobic lipophilic balance) and other physical data were obtained from the technical literature provided by those companies or from Schick (8) . Lipids were obtained from B. subtilis cells by extraction according to the method of Bligh and Dyer (3) . RESULTS 
Solubilization of D-Alanine Carboxypeptidase and Other
Membrane-Bound Enzymes. Various nonionic detergents were used to attempt the solubilization of D-alanine carboxypeptidase from B. subtilis. Attempts to correlate the amount of activity solubilized to some physical or chemical property of the detergent revealed a striking dependence on the HLB number of the detergent (Fig. 1 ). The HLB (or hydrophobic lipophilic balance) number (4) is a measure of the relative hydrophobicity of the detergent, the most hydrophobic having an HLB number approaching 0, and the most hydrophilic having a number of about 20. In general only those detergents with HLB numbers between 12. 4 Fig. 3 . Solubilization of membrane-bound enzymes. The procedure was the same as described in Fig. 1 , except that membranes frots M. luteus were used. (A) The translocase, which catalyzes the synthesis of C55-isoprenyl-pyrophosphate-MurNAcpentapeptide from UDP-MurNAc-pentapeptide was assayed as described (5) Stimulation of D-Alanine Carboxypeptidase Activity by Detergent. Purified D-alanine carboxypeptidase (2) could be absorbed to calcium phosphate gel and eluted with ammonium sulfate. If the gel was washed and eluted with buffers lacking Triton X-100, the eluted activity, depleted of detergent, was stimulated 50-100% by addition of exogenous Triton X-100 (Fig. 4) . Different detergents stimulated the enzyme to different extents, and, as in solubilization, the ability to stimulate the detergent-depleted enzyme could be correlated to the HLB number (Fig. 5) . The HLB correlations for stimulation (Fig. 5) and solubilization (Fig. 1) (Fig. 6) . The requirement of a detergent for stability suggested that lipids might play that role physiologically. A crude chloroform-methanol extract of the bacteria was even more effective than detergent aione in stabilizing the enzyme (Fig. 6) phate gel with 7% (NH4)2SO4 in 1% Triton X-100 was applied to a 5-ml column of Sephadex G-100 equilibrated in 100 mM cacodylate buffer (pH 5.5) without added Triton X-100 and eluted with the same buffer. 60 Fractions of 100 141 were collected over 3 hr. Assays were performed on 15 Mul of each fraction in the presence of 0.1% Triton X-100. The activity obtained is shown by the dashed line. (B) In order to form the enzyme-lipid complex, a lipid extract containing 750 ,ug of organic phosphate was dried under reduced pressure, suspended in 100 u1 of 0.5 A1I cacodylate buffer (pH 5.5) containing 1% Triton X-100, and sonicated for 30 min. To this 10 ul of enzyme was added; the mixture was then sonicated for 1 min at 4°. The suspension was added to a column identical to that in A and elution was performed as described above. Thin-layer chromatography of the fractions indicated that all the detectable phospholipid was in the void volume of the column with the activity and all the detectable Triton X-100 was in the column volume. 10 Mul of every other fraction were spotted on a silica gel G thin-layer plate and chromatographed in chloroform-methanol-water-glacial acetic acid 125:37:2:10. The phospholipids (RF 0.17, 0.48, 0.57) and Triton X-100 (RF 1.0) were detected by iodine vapor Interaction of Lipid and Purifed Enzyme. At low pH, solubilization of D-alanine carboxypeptidase from membrane by Triton X-100 was poor (2) , suggesting that at low pH the protein-detergent interaction was weak. Gel filtration of the purified enzyme in the absence of Triton X-100 at pH 5.5 ( Fig. 7, curve A) led to a large decrease in activity (in contrast to gel filtration at higher pH, see Fig. 13 in ref. 2) and considerable inclusion of the remaining activity into the gel. Since the active form of the protein in the presence of detergent was a detergent-protein micelle of large molecular weight excluded from the gel, this behavior on gel filtration in the absence of detergent was interpreted as a breakdown of the aggregate and subsequent inactivation. When a crude choloroform-methanol extract of B. subtilis was emulsified with the purified enzyme (which still contained Triton X-100) before gel filtration, the activity was retained and found in a large-molecular-weight aggregate with the lipid (Fig. 7,  curve B) . However, the residual detergent was now included in the gel, i.e., the enzyme had been transferred from a detergent micelle to a lipid micelle. 50% of this activity could be sedimented at 120,000 X g in an hour, whereas the purified enzyme in detergent could not be sedimented under these conditions. The enzyme-lipid aggregate formed in this way had a sensitivity to j3-lactam antibiotics similar to the membranebound enzyme in contrast to lower sensitivity for the purified enzyme in detergent (Fig. 8) . DISCUSSION Detailed investigation of reactions catalyzed by membranebound enzymes and their control, and of the interaction between membrane and enzyme has been hampered by the difficulty of obtaining membrane enzymes in pure form. Nonionic detergents may provide a more or less general approach to solubilization of membrane components and provide a wide diversity of types of chemicals that can be used.
Nonionic detergents can be classified by their HLB number (4). Those detergents with an HLB number about 12-14 were effective in solubilizing proteins from membranes. This was demonstrated for three different enzymes, D-alanine carboxypeptidase of B. subtilis, and phosphoacetylmuramylpentapeptide translocase and succinate dehydrogenase, both from M. luteus. However, it seems possible that other more hydrophobic or more hydrophilic membrane enzymes or other proteins would be solubilized optimally by nonionic detergents in a different HLB range.
There might be two different ways a detergent could act in solubilization of a membrane protein. It might dissolve the membrane lipid, leaving the protein free in solution; it might dissolve the protein itself; or both might occur; i.e., protein and/or lipid might be bound to detergent in such a way as to render them soluble. In the present case D-alanine carboxypeptidase existed in a detergent micelle (2) , and interaction of detergent and protein was demonstrated. Furthermore, the range of HLB numbers required for a detergent to interact with and stabilize the enzyme was very similar to the range required to solubilize the protein. The detergent micelle could be thought of as providing an environment like the original lipid environment of the membrane. The enzyme could be inserted into the detergent micelle from the true membrane by a process akin to partition between solvents.
In some cases, the detergent might not be a sufficiently "close fit" to the natural lipid environment required by the enzyme to maintain conformational integrity. Such behavior would be observed as an inactivation of the enzyme by detergents known to be effective solubilizers. This phenomenon occurred with the translocase (5) , and in this case, the lipids have to be returned to the enzyme in order for the enzyme to be assayed. Presumably related to this is the observation that whereas D-alanine carboxypeptidase shows no specificity for the lipids used in stabilization, the translocase had more stringent requirements. In order to purify such an enzyme, lipids might have to be emulsified with the buffers.
